Nickel base alloy INCONEL718 has been provided as two bolts, one was solution treated (ST) at 1035C˚-2hr and other solution treated and single aged (STA) at 790C˚-7hr. Presence of second phase particles in γ grains found to be responsible for trapping hydrogen between 'matrix-particle' interfaces and hence need to be identified. For that microstructure evolution from centre to edge for each bolt was investigated by Optical microscope (OM), Scanning electron microscope (SEM) and Transmission electron microscope (TEM). Specifically, the evolution of metal carbides (MC) and grain boundary delta phase (δ) (which are potential hydrogen traps) along with γ* and γ** was the primary focus for the current study. In fact, this characterization helps in predicting the actual hydrogen embrittlement by slow strain rate (SSR) and tensile tests and correlate with fractography data later on. Vicker's hardness (HV) measurements, critical to hydrogen embrittlement (HE), were carried out at each bolt to get an insight about morphology of γ* and γ** precipitates.
Introduction
Over the past decades continuous development has been made to introduce high strength alloys in terms of increase toughness and resistance to corrosion. Primary choice adopted by many industries found to be nickel base alloys with complex atomic concentration of elements having excellent physical properties such as strength and creep resistance close to their melting points [1] . Literature review [2] reveals that this alloy class possesses significant attributes of high temperature stability, weldability and formability but solution to corrosion problem persist for scientific researchers specifically hydrogen embrittlement (HE) [8] because of costly in service failures.
A range of nickel base alloys have been developed to counter the problem of corrosion, more specifically hydrogen assisted cracking under cathodic protection (CP), in oil and gas sector. Inconel718 being one of them has been developed in 1950's by international nickel company. It's use extend from aerospace industry (double aged) as turbine application withstanding high temperature, pressure and creep resistance to oil and gas industry (single aged) because of high strength, toughness and corrosion resistance. As oil and gas wells were drilled deeper into coastal areas with high pressure, temperature and more corrosive environment, the need for a versatile alloy is more than ever before. Alloy 718 having unique combination of room temperature strength and aqueous corrosion resistance made it used as fasteners, shafts, safety valves and drill tools that have exposure to corrosive conditions under cathodic protection(CP). In service failures from corrosive environment reported to have also contained a unique combination of pH, chloride, , , sulphur, mixture of light and heavy oil etc. Inconel718usage as subsea fasteners is due to its high strength and inherent corrosion resistance but service failures present a challenge in terms of material selection, quality, life cycle performance, integrity and cost in oil and gas sector. The main failure mechanism reported to be hydrogen induced stress cracking (HISC) or Hydrogen Embrittlement (HE) resulting from hydrogen charging under cathodic protection (CP). A number of investigation reports already have been published about the failure of critical well components including fasteners, valves, down hole forging and connections. [15] [16] [17] As an example figure 1.0 (a) shows AISI 8740 steel fasteners that are used under CP but unfortunately failure occurred resulting in complete separation between head and shank area. Multiple initiation points and secondary cracking were observed with surface cracks at thread and shank area. Further, white calcareous deposit under fastener head and over shank area is evidence of cathodic protection. SEM fractography reveals intergranular cracking when these broken fasteners were examined, as shown in figure 1.0 (b). The nominal composition of Inconel718 in wt% is 52.50 -18.50 Fe -19 Cr -5.10Nb -3.0 Mo -0.5 Al -1.0 Ti -0.08 C. [3] The matrix is composed of disordered face centered cubic (FCC) structure, nickel base austenitic phase, called gamma (γ). It has large number of solid solution elements such as Tungsten (W), Molybdenum (Mo), Chromium (Cr), Iron (Fe), Aluminium (Al), Titanium (Ti) and Cobalt (Co). Al and Cr form Al2O3 and Cr2O3 protective oxide films respectively that increase corrosion resistance. It is primarily strengthen by unique intermetallic, ordered) face centered cubic (FCC), γ* phase Ni3 (Al, Ti, Nb) by interacting with dislocations. [5] This ordering places Ni at the face of each unit cell and Al, Ti or Nb at each corner. γ* phase is White calcareous deposits Head
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Intergranular cracking more like spherical at low volume fraction and tend to be cubic at higher volume fraction depending upon heat treatment. [6] Hagel and Beattie [7] observes that γ* are like spheres with 0-0.2% lattice mismatch, then cubes at mismatch around 0.5-1.0% and then plates at mismatch above about 1.25%. They are coherent precipitates with γ matrix; precipitates around 620C°. γ** supply additional strength and considered as main strengthening agent. They are body centered tetragonal (BCT), Ni3Nb, precipitate in γ matrix around 720°C. Both γ* and γ** have solvus temperature around 900-920 °C. [3] However, γ** is metastable phase which tend to be replaced by incoherent stable orthorhombic delta (δ) phase, Ni3 Nb, after long term exposure to temperature above 650°C. [8] [9] [10] It precipitates normally between about 650-980°C on grain boundaries with thin plates extending to grains [2] and with solvus temperature between ~ 980-995°C. As both γ** and δ phase are Nb based which implies that δ phase precipitation occurs with the loss of γ** phase. Its morphology contribute to the loss of strength and hardenability because of depletion of γ** and its presence in the structure lead to increased susceptibility of hydrogen cracking. In addition to these phases blocky shaped carbides i.e. MC carbides, M being mostly Nb and Ti, are distributed homogeneously throughout the matrix. [11] [12] [13] [14] Both δ and MC carbides inhibit grain growth and prevent grain boundary sliding. Nb plays a key role in making up all the phases present in alloy718. It has been found that Laves phase requires l0-12% Nb; the delta δ phase requires 6-8% Nb; γ** needs 4% Nb and γ* can form with Nb levels below 4%. The degree of Nb segregation during ingot or casting solidification depends on rate of cooling, the faster the cool less the segregation. High temperature homogenization can be used to solution laves phase and distribute Nb uniformly throughout the bulk matrix. It should be noted that morphology of all phases mentioned above are dependent upon heat treatment.
Presence of interstitial hydrogen found to be prejudicial for global performance and more specifically for mechanical properties such as ductility, strength and fracture toughness. Hydrogen as being interstitial solute considered to be universally adverse. It basically lowers the fracture energy (reduce fracture toughness) of the crack and encourage cleavage brittle fracture. The interaction of hydrogen with precipitates is key phenomena that need to understand at atomistic scale. The data published by some researchers [15, 16] for the effect of hydrogen on properties of nickel base alloys including Inconel718 [17] suggest a detrimental role of second phase particles within grain and on grain boundaries. A number of hydrogen embrittlement mechanisms have been proposed e.g. Hydrogen enhanced localized plasticity (HELP) [18, 19] ; Hydrogen enhanced decohesion (HEDE) [20, 21] ; Hydride Induced embrittlement (HIE) [22] etc, but these involve assumptions that limit their use and reliability and will be discuss in more detail in future report.
It would be logical to try to further improve the alloy, but alloy718 is finely balanced and small changes in chemistry to avoid δ or improve corrosion resistance-HE run the risk of forming Laves phase. [23] The aim of the present work is to investigate microstructural features of oil grade alloy718 heat treated according to API specification. Solution treatment and precipitation hardening are the main strengthening mechanisms. The effect of solution treatment at 1035°C and single ageing at around 790°C on the microstructure will be discussed and compared with aerospace grade alloy which is being solution treated (~980°C ) and double aged (720°C + 620°C). In order to predict HE susceptibility it is essential to characterize the second phase particles specifically γ* and γ** within grains and δ & MC carbides or any laves phase within grains and on grain boundaries. The grain size was evaluated using optical microscope (OM)-intercept method. The morphology of precipitates was revealed using Scanning Electron Microscope (SEM) and Transmission Electron Microscope (TEM). ThermoCalc software was used for modelling equilibrium phases (results to be added in future) that are to be present in the alloy. Differential Scanning Calorimetry (DSC) was used at different ramp rates for measuring precipitation and solvus temperature of phases present in alloy.Characterization in terms of microstructure, mechanical and thermal properties are vital to the success and quality control for alloy under investigation.
Experimental Procedure
Inconel718 -Bolt (fastener) of diameter ~28.5mm has been received in heat treated condition. The optical electron spectroscopy (OES) was performed with ~5mm thin off cut from the bolt and the result is shown in Table1. The bolt (fastener) was cut in to half to begin the heat treatment. One half of the bolt (STA) was solution heat treated at 1035°C -2hr followed by air cooling to RT and then heat treated at 790°C -7hr for ageing. Second half of the bolt (ST) was just solution heat treated at 1035°C for 2hr followed by air cooling. All the heat treatments performed were according to the API Specification 6A718:2009.
Samples were cut using spark erosion machine from both half of the bolt in transverse and longitudinal direction of size 2-3mm and ~20-40mm respectively. The specimen that was to be observed under optical/scanning electron microscope was grinded and polished (Table2) using descending order of abrasive cloths up to finer grit size ~0.25μm.Kalling's reagent (100ml HCL, 100ml ethanol, 5g Cu ) was used to reveal the microstructure i.e. grain boundaries; metal carbides. Electrolytic etching was performed with 8ml and100ml at 2V for 3sec to reveal δ/γ*/γ** precipitates. Confirmation of the presence of these particles was performed with energy dispersive x-ray (EDX) spectroscopy. In order to analyse γ /γ*/γ** at nanometer scale Transmission Electron Microscope (JEOL 2100-Operated at 200kv) was used. Slices from STA bolt were mechanically grounded down to a thickness less than 100μm by silicon carbide paper (240grit) and tripod polisher. Samples in form of thin foils (~ 3mm in diameter) were prepared which were later more thinned by using precision ion polishing system (PIPS) to obtain electron transparent area for TEM analysis.
A high temperature differential scanning calorimetry was used to evaluate the thermal properties at ramp rate of 3, 10 and 20k/min. The temperature programme used for the test was between 25-1450°C.
To obtain thermal properties of alloy (solidus; liquidus; precipitation; solvus temperature) different ramp rates were used. The specification used for DSC sample is cylindrical diameter ø of 4.5mm and height ~3.5mm. Samples were cleaned in an ultrasonic cleaner using alcohol (e.g. ethanol) to remove any dirt and oil followed by rinsing with water and dried.
(DSC data added in Appendix-B)
Vicker's hardness measurements were performed on both half of bolt using diamond pyramid indenter with a force of 30k gf. Set of values were recorded while moving from centre to edge of the samples and average value for each sample was determined. The distance between each indent was kept between 80-120μm while moving across the sample. (Hardness data added in Appendix A) 
Results and Discussion

Optical and Scanning Electron Microscopy
The optical images for solution treated (ST) and solution treated aged (STA) samples, whether longitudinal or cross section, are quiet similar in terms of grainsize. Grains were measured diagonally using 'intercept method' and an average grain size range computed was about 30-35 ± 2μm. Twinning has been observed (indicated) and always been recognized as plastic deformation mechanism for Inconel718. [24, 25] The macro image of centre, mid-radius and edge of the STA sample were taken and presented in Figure2. ST sample It has been observed that average size and distribution of carbides remains the same from centre to edge of the solution treated (ST) specimen. There was no significant change observed which is because the MC carbides are very stable even at temperatures very close to the alloy melting point (DSC data). They are distributed randomly throughout the γ matrix. SEM analysis and energy dispersive x-ray (EDX) spectroscopy was performed to reveal the MC carbides and elemental composition respectively. No delta δ precipitates were observed on grain boundaries, Figure3 (b)-right, as their solvus temperature between 970-980°C is below solution heat treatment temperature. Several locations of the sample e.g. centre, mid radius and edge, were observed and the most common carbides which identified are NbC and TiC.
Figure3 show SEM image of solution treated(ST) sample with MC precipitates, mostly NbC or TiC distributed randomly throughout the structure. 
Grain boundary with no δ plates
The marked areas (1, 2 and 3) in Figure 3 (b) are the γ matrix. EDX spectroscopy reveals it consist of Ni (high), Fe, Al, Cr, Mo, Co, Nb, Ti etc. The reason for Nb being present in the matrix is solution treatment around 1035°C which dissolve some of the NbC carbides providing more Nb for γ** precipitation during ageing. [25] Marked areas 1* and 4 are MC carbides which were identified and highlighted.
STA sample Precipitation of deltaδ platelets between 1-2 µmat few grain boundaries and secondary carbides (Ti/Nb C) between 1-5µm were observed on grain boundaries and within grains while moving from centre to edge of the sample. No difference seen under SEM for changing orientation of the STA sample from transverse to longitudinal direction in terms of morphology and distribution of δ and MC precipitates. Figure 4 show the distribution at centre, mid-radius and edge of the STA sample under SEM.
Centre
Mid radius Edge Edge Fig. 4 .SEM of STA sample showing δ, MC precipitates. Note: γ* / γ** highlighted within γ grains and resolved by TEM because of small size.
Transmission electron microscopy (TEM)
STA sample obtained from precision ion polishing system (PIPS) as shown in Figure 5 (a-b) reveal that γ*and metastable γ** are between 1-10nm. These precipitates are distributed throughout the bulk matrix of the alloy. The morphology of the precipitates as mentioned in introduction that γ*and γ** appear as disc or spherical shape depending upon heat treatment of alloy718. As for API specification γ*and γ ** having smaller size, found to be coherent with γ matrix sacrificing the overall yield strength and hardness of alloy. ST sample found to contain only MC precipitates as solvus temperature of γ*and γ ** is below solution treatment temperature. Many phases that are present in the alloy are difficult to distinguish because of the structure and morphology. In most nickel base superalloys γ* phase, Ni3 (Al,Ti) is an ordered precipitate forms coherently from γ matrix because of Ti and Al segregation. γ*and γ matrix have cubic crystal structure with lattice parameter difference no more than 0.2%. TEM images (a) and (b) are of STA sample with γ*/γ** not easily distinguishable which may be because of coherency with γ matrix. However, γ*/ γ** precipitates appear as dark spots, more like spherical than cubic and some as elongated (γ**) because of two or more precipitates grow into each other. Second step ageing at 620C~6hr followed by air cooling will increase the size of γ*/γ** precipitates (will be more like cubic in shape) along with strength and hardness levels but will make the alloy more vulnerable to HE.
Hardness Evolution
The hardness results for the ST samples were not surprising, as we already know there are no δ, γ*and γ** precipitates present which contribute to the strength and hardness of the alloy. This is because, as mentioned previously, solvus temperature of these precipitates is less than solution treated temperature 1035°C. Hence, all these precipitates dissolve back to the γ matrix. The hardness range 200-213 HV obtained is because of MC precipitates present throughout the structure and some of which e.g. NbC, dissolve during solution treatment. As it was air cooled (AC) rather than water quenched (WQ), the change in heat treatment led to precipitation of very fine particles of γ*/ γ** (<2nm) which also contribute to the hardness values.
The hardness values obtained for the STA sample rely on volume fraction and size of γ*/γ** δ /MC precipitates, γ*-γ or γ**-γ misfit and grain size. As STA sample was heat treated according to API specification6A718.The hardness values obtained while moving from centre to edge of the sample were in the range 382-360HV. The decrease in the hardness might be because of the heat treatment which led to finer precipitation at edges and slightly coarser at centre of MC's and γ*/γ** particles. The hardness value above 400HV is not achieved because there is a need for second ageing at relatively low temperature of ~620C, which will lead to achieve full precipitation and growth of γ*/γ** particles around ~30nm. It has been reported [26] [27] that solution heat treatment of Inconel718 at 1024C-0.5h and double ageing (718C-7hr and 621C-8hr) led to uniform precipitation of γ*/γ** throughout the matrix and achieve a hardness value of 423HV (close to target value of 430HV) but will make the alloy more prone to HE.
Conclusion
The effect of solution treatment and isothermal ageing (API 6A718) upon the microstructure, hardness and thermal properties of oil grade alloy718 has been investigated and detail comparison with hydrogen embrittlement (HE) susceptibility by Slow strain rate test (SSRT) will be made in future report with addition of 945/945x alloys. The following conclusions can be drawn from this study:
Hydrogen embrittlemnt (HE) under CP is critical in service and dependent upon morphology of second phase particles. Heat treatment can play a crucial role in optimizing the morphology of second phase particles which in turn may make alloy not completely but at least less susceptible to HE.
Solution treatment(ST) of forged alloy at 1035°C for 2hr followed by air cooling lead to dissolution of δ, laves, γ* and γ** back into the matrix which increase the amount of Nb content in matrix. MC's e.g. NbC, TiC having high solvus temperature (1060°C -1210°C) were seen under SEM on grains and grain boundaries.
After ageing at 790°C for 7hr, the δ platelets of 1-2µm have been observed on some grain boundaries. MC's were seen distributed throughout matrix on grains and on grain boundaries with no apparent change observed when compared to ST.
ageing lead to precipitation of coherent γ* and γ** (1-10nm) in the matrix. Increase in coherency reduce misfit (less stress concentration) between particles which needs to be verified by SSRT for API heat treatment.
MC's and δ platelets on gain boundaries help to pin grain boundaries and inhibit grain growth. Grain size evaluated was around 15-25 ±2µm for both ST and STA sample. No significant change in grain size was observed in STA as δ precipitates observed in scant amount on grain boundaries and no significant change in MC's.
ST sample having just MC's (NbC, TiC) reveal average hardness of 207HV and STA sample having δ, MC's and γ* /γ** have average hardness of 368HV.Hardness and yield strength both are critical to HE. (Appendix A) Differential Scanning Calorimetry (DSC) at different ramp rates 3, 10 and 20k/min reveal transformation and precipitation temperatures for second phase particles. This may help to perform different heat treatment for optimum precipitate morphology. (Appendix B)
Inconel718 SSR specimens are in process of machining, heat treatment and then to be notched. In future alloy 718 will be heat treated differently apart from API heat treatment to investigate the detail effect of morphology of second phase on hydrogen assisted cracking susceptibility. Future test which need to perform on slow strain rate (SSR) specimens include G129-00 slow strain rate test (SSRT) under CP. The output data in the form of fractography from these tests is then correlated with micro-structural characterisation to produce hydrogen assisted cracking theory and to understand HE susceptibility of different heat treated specimens of alloy718(Same as for ALLOY 945/945x).
